All relevant data are within the paper and its Supporting Information files.

Introduction {#sec005}
============

Prostate cancer is the most common malignancy in men, accounting for 26% of newly diagnosed cancer cases and 9% of cancer-related deaths in the United States in 2015 \[[@pone.0212092.ref001]\]. In recent years, multiparametric magnetic resonance (MR) imaging (mp-MRI), which comprises high-resolution T2-weighted imaging(T~2~WI), diffusion-weighted imaging (DWI), and dynamic contrast-enhanced MR imaging (DCE-MRI), has been widely used for detecting and staging prostate cancer \[[@pone.0212092.ref002]--[@pone.0212092.ref007]\]. DCE-MRI enables the assessment of tumor angiogenesis and has been recommended as an essential component of mp-MRI \[[@pone.0212092.ref008]--[@pone.0212092.ref012]\]. Currently, the most widely used method to identify tumors on DCE-MRI is to examine focal early enhancement through direct visual assessment. However, the actual kinetics of prostate cancer enhancement are considerably variable and heterogeneous. Absence of early enhancement does not exclude the possibility of malignancy. In addition, the identification of tumors in the transitional zone (TZ) is particularly challenging, because the microvascular density of benign prostatic hyperplasia is similar or even higher than that of prostate tumors and frequently enhances early \[[@pone.0212092.ref013],[@pone.0212092.ref014]\]. Considerable efforts have been devoted to determine the enhancement characteristics of prostate cancers, including the use of semiquantitative (pattern analysis of intensity-time curves) and quantitative (compartmental pharmacokinetic modeling) methods, however a consensus regarding the optimal approach for discerning cancerous and benign prostatic tissues is yet to be established.

A semiquantitative analysis of the time-intensity curve of DCE-MRI can demonstrate tissue characteristics by plotting the kinetics of enhancement. Compared with a quantitative analysis, a semiquantitative analysis is less vulnerable to the effect of the arterial input function, B1 inhomogeneities and model selection. A semiquantitative analysis has been applied in prostate DCE-MRI by using traditional average time--intensity curves \[[@pone.0212092.ref014],[@pone.0212092.ref015]\]. A histogram analysis is used to quantify the heterogeneity of intratumoral contrast uptake. Perfusion variables can be calculated on a pixel-by-pixel basis to obtain insights into heterogeneity. Studies have demonstrated that histogram parameters can be potential biomarkers for monitoring therapeutic responses and differentiating between cancerous and benign tissues \[[@pone.0212092.ref016],[@pone.0212092.ref017],[@pone.0212092.ref018]\]. In the present study, we conducted a histogram analysis of DCE-MRI time course data to distinguish between benign prostate tissues and tumors in the TZ and peripheral zone (PZ).

Materials and methods {#sec006}
=====================

This retrospective study was approved by the Institutional Review Board (IRB) of Taipei Veterans General Hospital, and methods were performed in accordance with approved guidelines and regulations. The IRB waived the mandate for obtaining informed consent from patients, and the manuscript contains no information or image that can lead to the identification of a study patient.

Study population {#sec007}
----------------

Patients who were proven to have prostate cancer and underwent 3.0-Tesla (T) MR imaging(MRI) between August 2013 and January 2015 were recruited in the present study. MRI indications included preoperative staging for systemic transrectal ultrasound-guided (TRUS) biopsy-confirmed prostate cancer, and survey MRI before targeted TRUS biopsy with MRI--TRUS fusion. After receiving approval from the IRB, the MR images of these patients were retrieved from the picture archiving and communication system and reviewed retrospectively. MR images containing severe motion and susceptibility artifacts and those not adhering to the Prostate Imaging Reporting and Data System 2015 version 2 (PI-RADS v2) were excluded \[[@pone.0212092.ref019]\]. Two uroradiologists (one with \>10 years of experience and the other with 2 years of experience in prostate MRI) reviewed the images together and consensually identified tumors, selecting regions of interest (ROIs) for the subsequent histogram analysis.

MR image acquisition {#sec008}
--------------------

MRI was performed on a 3.0-T MRI unit (GE Medical Systems, Milwaukee, WI, USA) by using a body coil for transmission and a four-coil phased array for reception. To reduce motion artifacts in images, peristalsis was suppressed through intramuscular administration of hyoscine butylbromide (Buscopan). Transverse T~2~-weighted fast spin-echo images (T~2~WI) were acquired using the following parameters: repetition time/echo time: 3066--6648/58--98 ms; echo train length: 25; flip angle: 111°; slice thickness: 3 mm; interslice gap: 3 mm; matrix size: 320 × 224; pixel size: 0.35 × 0.35 mm; and number of slices: 30. Axial diffusion-weighted single-shot echo-planar imaging (DWI) sequences were obtained using the following parameters: sensitivity encoding (SENSE)-DWI: 8500/minimum; matrix size: 128 × 128; field of view: 16 × 16 cm; number of excitations: 4; slice thickness/gap: 3/0 mm; b-factor values: 0 and 1000 s/mm^2^ for the three directions of a gradient; and SENSE reduction factor: 2. The corresponding apparent diffusion coefficient (ADC) map was subsequently obtained. DCE-MRI images were acquired using a T~1~-weighted three-dimensional spoiled gradient sequence with the following parameters: repetition time: 2.87--2.95 ms; echo time: 1.38--1.4 ms; flip angle: 12°; section thickness: 3.2 mm; interslice gap: 1.6 mm; field of view: 24×24 cm and number of slices: 42. A total of 25 dynamic phases were obtained with a temporal resolution of 9.96--11.62 s, which was set to the minimum time required for scanning the whole volume of interest. The acquisition time of dynamic scans was at least 5 min. In addition, at the beginning of the fourth measurement, 0.1 mmol/kg of gadodiamide (Magnevist, Schering AG, Berlin, Germany) was intravenously administered followed by a 20-mL saline flush at 2.5 mL/s.

Image analysis {#sec009}
--------------

### Tumor localization {#sec010}

In the MR report, tumor locations were assigned according to the sector map of PI-RADS v2. For patients who underwent retropubic radical prostatectomy (RRP), tumor locations were confirmed through pathological examinations and designated according to the sector map of PI-RADs V2. Only one lesion on MRI, which was usually the most prominent one, was selected as the target for analysis for each patient. The existence and extent of lesions were confirmed by evaluating the corresponding pathological specimen. For all patients who did not undergo RRP, the malignancy of lesions was confirmed through targeted biopsy. The Gleason score of each lesion was recorded.

### Selection of ROIs {#sec011}

The uroradiologists used Multi-Image Analysis GUI (<http://ric.uthscsa.edu/mango/>) software \[[@pone.0212092.ref020]\] to select circular ROIs from mp-MRI data. ROIs were selected for the normal PZ (NPZ), normal TZ (NTZ), cancer in the PZ (CPZ), and cancer in the TZ (CTZ). To obviate the effect of ROI size on the results of the histogram analysis, circular ROIs with a fixed diameter (7.5 and 10 mm) were obtained for each lesion, and the diameter of ROIs was smaller than the size of the lesion. Within the lesion, the region with the maximum contrast enhancement under visual inspection on DCE-MRI was selected. To ensure the representativeness and independence of selected ROIs, only two ROIs in the same scan plane (one malignant and one benign) were selected for each patient. An example of the selected ROI is depicted in [Fig 1a--1c](#pone.0212092.g001){ref-type="fig"}. To remain equidistant from the edge and center of an ROI, circular ROIs were selected.

![Example of the selected ROI. A 57-year-old patient with elevated PSA levels and previous negative systematic TRUS biopsy.\
(a) 3T mp-MRI (from left to right: T~2~-weighted fast spin-echo imaging, DWI, and ADC map) demonstrates an area suspected to be cancerous (stars), which was confirmed by performing targeted TRUS biopsy. (b) ROI selection was performed on the basis of corresponding DCE-MRI for CTZ (red circle) and NTZ (green circle). (c) The pathological slice at the corresponding level was correlated to confirm the representativeness of the selected ROI (circled by a marker). (d) The histogram at different diameters of the ROI of CTZ and NTZ.](pone.0212092.g001){#pone.0212092.g001}

### Analysis of DCE-MRI time curve characteristics {#sec012}

We established a model-free parameter to describe the characteristics of the contrast agent wash-in pattern during early and delay phases in each voxel. To establish the inflow time point of the contrast agent, the intensity of the entire image was calculated. The onset of a signal increase was defined as the inflow time of the contrast agent. The maximum wash-in slope (MWS) was calculated using the maximum difference between two sequential time points, and the timing of the slope was restricted to 30 s after the inflow time. The delay phase washout slope (DPS) was based on intensities from the terminal point of the MWS to the last time point of the dynamic acquisition ([Fig 2](#pone.0212092.g002){ref-type="fig"}). For the histogram analysis, the parameters of the MWS and DPS within selected circular ROIs were calculated ([Fig 1d](#pone.0212092.g001){ref-type="fig"}). All ROIs were analyzed using an in-house software (Matlab, Mathworks, Natick, MA, USA).

![Maximum difference wash-in slope and a delay phase slope are shown during a time course from a single voxel.\
The wash-in slope (MWS, red line) and the delay phase slope (DPS, green line).](pone.0212092.g002){#pone.0212092.g002}

### Histogram analysis {#sec013}

Histogram parameters were the mean, standard deviation (SD), coefficient of variation (CV), kurtosis, skewness, interquartile range (IQR), percentile (P10, P25, P75, P90, and P90P10), and modified full width at half-maximum (mFWHM). The mFWHM is a quantitative measure used to evaluate the histogram width \[[@pone.0212092.ref017]\]. The range of the histogram is the difference between the maximum and minimum slope of a sample.

Statistical analyses {#sec014}
--------------------

Differences between the histogram parameters of cancerous and benign tissues with regard to different diameters of ROIs were assessed using the nonparametric Wilcoxon signed rank test for paired data. The relationship between the histogram parameters and Gleason score was analyzed using Spearman correlation. The histogram parameters that significantly differed were evaluated using receiver operating characteristic (ROC) curve analysis for determining the diagnosis performance. The optimal threshold value was determined using the Youden index, which indicated diagnostic sensitivity, specificity and accuracy. All statistical analyses were performed using SPSS version 22 (IBM Corp., Armonk, NY, USA). A *P* value of \<0.05 was considered statistically significant for all tests.

Results {#sec015}
=======

A total of 30 patients with a median age of 65.5 (range: 55--78) years and a median prostate-specific antigen (PSA) level of 12.945 (range: 5.5--57.5) ng/mL were recruited for additional imaging analyses. Of these, 12 were scanned for preoperative staging after systemic TRUS biopsy-confirmed prostate cancer and underwent subsequent RRP. A total of 18 patients were scanned due to increased PSA levels, with at least one negative systematic biopsy; their tumors were proved through targeted TRUS biopsy. The clinical and pathological characteristics of recruited patients are summarized in [Table 1](#pone.0212092.t001){ref-type="table"}.

10.1371/journal.pone.0212092.t001

###### Summary of clinical and pathologic characteristics.

![](pone.0212092.t001){#pone.0212092.t001g}

  ------------------------------------------------------------------------------------- -------------------- ------------------
  Parameter                                                                             Value                

  Median age at patients (y)[\*](#t001fn001){ref-type="table-fn"}                       65.5 (55--78)        

  Median prostate-specific antigen level (ng/ml)[\*](#t001fn001){ref-type="table-fn"}   12.945 (5.5--57.5)   

  Tumor location                                                                        Transitional zone\   peripheral zone\
                                                                                        (n = 16)             (n = 14)

  Clinical stage at prostatectomy                                                                            

  T2b                                                                                   2                    1

  T2c                                                                                   4                    2

  T3a                                                                                   8                    6

  T3b                                                                                   1                    3

  Radiation therapy                                                                     1                    2

  Gleason score                                                                                              

  3+3                                                                                   2                    0

  3+4                                                                                   7                    7

  4+3                                                                                   7                    3

  4+4                                                                                   0                    2

  4+5                                                                                   0                    2
  ------------------------------------------------------------------------------------- -------------------- ------------------

\*Data are medians with ranges in parentheses

A total of 60 ROIs with a diameter of 7.5 mm were selected in pairs in 30 patients, including 16, 16, 14, and 14 in the CTZ, NTZ, CPZ, and NPZ, respectively. The median tumor width was 12.5 (range: 10--27) mm in TZ and 10 (range: 10--26) mm in the PZ.

Comparison of histogram parameters between cancerous and normal tissues {#sec016}
-----------------------------------------------------------------------

[Table 2](#pone.0212092.t002){ref-type="table"} summarizes differences in the MWS and DPS between the CTZ and NTZ. In the MWS, CV for both ROIs of 7.5 and 10 mm(*P* = 0.034 and *P* = 0.004, respectively) and P10 for an ROI of 10 mm (*P* = 0.044) were the only parameters that differed significantly. The CV of the NTZ was higher than that of the CTZ. In contrast to the MWS, many parameters exhibited significant differences in the DPS. The mean, P25, P50, P75, and P90 of the DPS were significantly smaller in the CTZ than in the NTZ, regardless of the ROI diameter (*P* \<0.001--0.016); the most significant difference was observed in P50 for ROIs of 7.5 and 10 mm (*P* \<0.001). For SD, a significant difference was observed in only the ROI of 7.5 mm. For skewness and P10, a significant difference was observed in only the ROI of 10 mm.

10.1371/journal.pone.0212092.t002

###### Differences in the MWS and DPS histogram parameters between CTZ and NTZ with different diameters of the ROI.

![](pone.0212092.t002){#pone.0212092.t002g}

             MWS 7.5 mm   MWS 10 mm     DPS 7.5 mm                                   DPS 10 mm                                                                                                                                                                            
  ---------- ------------ ------------- -------------------------------------------- ------------- ------------- ---------------------------------------------- ------------ ------------ -------------------------------------------------- -------------- ------------- --------------------------------------------------
  Mean       9.26(3.58)   7.69(2.94)    0.193                                        8.88(3.13)    7.21(2.65)    0.107                                          0.15(0.24)   0.43(0.27)   0.001[\*\*](#t002fn003){ref-type="table-fn"}       0.17(0.24)     0.46(0.27)    \<0.001[\*\*\*](#t002fn004){ref-type="table-fn"}
  SD         2.36(0.76)   2.46(0.81)    0.98                                         2.48(0.81)    2.55(0.87)    0.792                                          0.18(0.18)   0.37(0.28)   0.007[\*](#t002fn002){ref-type="table-fn"}         0.2(0.05)      0.25(0.12)    0.147
  CV         0.27(0.05)   0.34(0.09)    0.034[\*](#t002fn002){ref-type="table-fn"}   0.29(0.05)    0.37(0.09)    0.004[\*\*](#t002fn003){ref-type="table-fn"}   0.63(2.8)    1.01(1.09)   0.744                                              -3.67(17.02)   0.69(0.42)    0.744
  Kurtosis   2.84(0.75)   3.05(0.9)     0.495                                        2.8(0.61)     2.94(0.75)    0.231                                          2.21(1.32)   1.99(1.25)   0.678                                              3.16(0.78)     2.94(0.78)    0.269
  Skewness   0.31(0.45)   0.46(0.46)    0.52                                         0.28(0.37)    0.47(0.36)    0.171                                          0.32(0.78)   0.05(0.45)   0.433                                              0.39(0.52)     -0.04(0.49)   0.004[\*\*](#t002fn003){ref-type="table-fn"}
  IQR        3.31(1.23)   3.32(1.23)    0.98                                         3.55(1.37)    3.49(1.37)    0.782                                          0.33(0.2)    0.53(0.69)   0.349                                              0.27(0.07)     0.35(0.23)    0.216
  P10        6.2(2.38)    4.77(2.18)    0.105                                        5.79(2.27)    4.12(1.92)    0.044[\*](#t002fn002){ref-type="table-fn"}     0.37(1.13)   0.29(0.35)   0.229                                              -0.07(0.24)    0.12(0.23)    0.01[\*](#t002fn002){ref-type="table-fn"}
  P25        7.57(3.12)   5.91(2.44)    0.093                                        7.05(2.63)    5.36(2.1)     0.074                                          0.21(0.74)   0.46(0.73)   0.002[\*\*](#t002fn003){ref-type="table-fn"}       0.04(0.24)     0.29(0.24)    0.001[\*\*](#t002fn003){ref-type="table-fn"}
  P50        9.1(3.74)    7.37(2.97)    0.193                                        8.72(3.25)    6.93(2.53)    0.093                                          -0.05(0.6)   0.45(0.33)   \<0.001[\*\*\*](#t002fn004){ref-type="table-fn"}   0.15(0.25)     0.48(0.29)    \<0.001[\*\*\*](#t002fn004){ref-type="table-fn"}
  P75        10.87(4.2)   9.23(3.45)    0.193                                        10.6(3.69)    8.84(3.23)    0.144                                          0.27(0.25)   0.55(0.35)   0.013[\*](#t002fn002){ref-type="table-fn"}         0.3(0.25)      0.64(0.34)    \<0.001[\*\*\*](#t002fn004){ref-type="table-fn"}
  P90        12.38(4.4)   11.08(3.79)   0.404                                        12.16(4.07)   10.7(3.64)    0.252                                          0.45(0.22)   0.81(0.61)   0.016[\*](#t002fn002){ref-type="table-fn"}         0.45(0.24)     0.77(0.37)    0.001[\*\*](#t002fn003){ref-type="table-fn"}
  mFWHM      5.88(2.11)   6(2.02)       0.978                                        5.84(2.02)    6.12(2.15)    0.9                                            0.44(0.2)    0.6(0.32)    0.056                                              0.48(0.13)     0.61(0.32)    0.06
  P90P10     6.18(2.16)   6.31(2.09)    0.9                                          6.36(2.27)    6.59(2.16)    0.706                                          0.44(0.21)   0.47(0.49)   0.441                                              0.52(0.14)     0.65(0.34)    0.09
  Range      10.09(3)     10.86(3.72)   0.782                                        11.33(3.3)    11.83(3.92)   0.716                                          0.82(0.47)   0.91(0.61)   0.316                                              0.95(0.2)      1.11(0.44)    0.08

All values are expressed as the mean (standard deviation), maximum wash-in slope (MWS), delay phase slope (DPS), cancer in the transitional zone (CTZ), and the normal transitional zone (NTZ). The comparsion between tumor and normal tissues for every parameter was performed using the Wilcoxon signed rank test. *P* \< 0.05 was considered significant.

\**P* \< 0.05

\*\**P* \< 0.01

\*\*\**P* \< 0.001

[Table 3](#pone.0212092.t003){ref-type="table"} summarizes differences in the MWS and DPS between the CPZ and NPZ. All the parameters of the MWS exhibited significant differences between the CPZ and NPZ, except for kurtosis and skewness for an ROI of 7.5 mm. Kurtosis and skewness for an ROI of 10 mm were significantly lower in the CPZ than in the NPZ (*P* = 0.03 and *P* = 0.017, respectively), and all the remaining parameters were significantly higher in the CPZ than in the NPZ (*P* \< 0.001--0.03). The most significant differences were observed in CV, P10--P90, and mean in ROIs of 7.5 and 10 mm (*P* \< 0.001). Not as many parameters as in the MWS showed significant differences in the DPS. The range and SD for an ROI of 10 mm in the DPS differed most significantly (*P* = 0.001 and *P* = 0.008, respectively).

10.1371/journal.pone.0212092.t003

###### Differences in the MWS and DPS histogram parameters between CPZ and NPZ with different diameters of the ROI.

![](pone.0212092.t003){#pone.0212092.t003g}

             MWS 7.5 mm    MWS 10 mm    DPS 7.5 mm                                         DPS 10 mm                                                                                                                                                                        
  ---------- ------------- ------------ -------------------------------------------------- ------------- ------------ -------------------------------------------------- ------------- ------------ -------------------------------------------- ------------- ------------ ----------------------------------------------
  Mean       9.37(3.88)    3.96(2.08)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   8.82(3.31)    4.14(2.1)    \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   0.12(0.22)    0.26(0.21)   0.123                                        0.17(0.21)    0.25(0.19)   0.453
  SD         2.71(1.1)     1.63(0.57)   0.002[\*\*](#t003fn003){ref-type="table-fn"}       2.9(1.14)     1.79(0.65)   0.001[\*\*](#t003fn003){ref-type="table-fn"}       0.19(0.06)    0.15(0.08)   0.038[\*](#t003fn002){ref-type="table-fn"}   0.21(0.07)    0.16(0.08)   0.008[\*\*](#t003fn003){ref-type="table-fn"}
  CV         0.31(0.09)    0.46(0.13)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   0.34(0.09)    0.47(0.11)   \<0.001[\*\*](#t003fn003){ref-type="table-fn"}     1.48(1.87)    0.29(2.04)   0.268                                        1.58(3.17)    1.06(0.72)   0.761
  Kurtosis   3.49(2.26)    3.7(1.08)    0.268                                              3.19(1.17)    3.83(1.61)   0.03[\*](#t003fn002){ref-type="table-fn"}          3.23(1.26)    2.88(0.71)   0.808                                        3.3(1.13)     3.3(1.11)    0.988
  Skewness   0.52(0.64)    0.74(0.53)   0.135                                              0.52(0.43)    0.78(0.47)   0.017[\*](#t003fn002){ref-type="table-fn"}         -0.03(0.78)   0.33(0.44)   0.241                                        0.16(0.68)    0.45(0.55)   0.274
  IQR        3.5(1.43)     1.96(0.72)   0.001[\*\*](#t003fn003){ref-type="table-fn"}       3.95(1.73)    2.38(0.98)   0.004[\*\*](#t003fn003){ref-type="table-fn"}       0.25(0.1)     0.21(0.11)   0.133                                        0.27(0.11)    0.21(0.12)   0.028[\*](#t003fn002){ref-type="table-fn"}
  P10        6.05(2.87)    2.13(1.55)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   5.29(2.24)    2.06(1.53)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   -0.11(0.23)   0.07(0.15)   0.012[\*](#t003fn002){ref-type="table-fn"}   -0.09(0.22)   0.05(0.12)   0.065
  P25        7.49(3.33)    2.86(1.88)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   6.63(2.66)    2.83(1.66)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   0(0.21)       0.15(0.16)   0.029[\*](#t003fn002){ref-type="table-fn"}   0.03(0.2)     0.13(0.15)   0.157
  P50        9.14(3.75)    3.69(2.01)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   8.56(3.32)    3.95(2.07)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   0.13(0.21)    0.25(0.2)    0.167                                        0.17(0.21)    0.23(0.19)   0.508
  P75        10.99(4.47)   4.82(2.34)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   10.58(4.03)   5.21(2.52)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   0.25(0.21)    0.36(0.25)   0.302                                        0.3(0.21)     0.34(0.23)   0.915
  P90        13.13(5.38)   6.17(2.65)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   12.76(4.86    6.58(2.98)   \<0.001[\*\*\*](#t003fn004){ref-type="table-fn"}   0.37(0.25)    0.47(0.3)    0.572                                        0.42(0.23)    0.46(0.28)   0.915
  mFWHM      6.61(3.02)    3.73(1.34)   0.001[\*\*](#t003fn003){ref-type="table-fn"}       6.77(2.74)    4.23(1.67)   0.002[\*\*](#t003fn003){ref-type="table-fn"}       0.45(0.17)    0.38(0.21)   0.065                                        0.46(0.16)    0.38(0.18)   0.035[\*](#t003fn002){ref-type="table-fn"}
  P90P10     7.08(3.17)    4.05(1.45)   0.001[\*\*](#t003fn003){ref-type="table-fn"}       7.48(3.15)    4.52(1.7)    0.002[\*\*](#t003fn003){ref-type="table-fn"}       0.48(0.18)    0.4(0.21)    0.075                                        0.51(0.17)    0.41(0.19)   0.028[\*](#t003fn002){ref-type="table-fn"}
  Range      11.86(4.1)    7.26(2.52)   0.001[\*\*](#t003fn003){ref-type="table-fn"}       13.31(4.68)   8.63(2.8)    0.002[\*\*](#t003fn003){ref-type="table-fn"}       0.79(0.26)    0.67(0.33)   0.094                                        1.01(0.34)    0.77(0.34)   0.001[\*\*](#t003fn003){ref-type="table-fn"}

All values are expressed as the mean (standard deviation), maximum wash-in slope (MWS), delay phase slope (DPS), cancer in the peripheral zone (CPZ), and normal peripheral zone (NPZ). A comparsion between tumor and normal tissues for every parameter was performed using the Wilcoxon signed rank test. *P* \< 0.05 was considered significant.

\**P* \< 0.05

\*\**P* \< 0.01

\*\*\**P* \< 0.001

Correlation of histogram parameters with the Gleason score {#sec017}
----------------------------------------------------------

We correlated the significantly different histogram parameters with the Gleason score of tumors ([Table 4](#pone.0212092.t004){ref-type="table"}). A total of 2 and 14 tumor lesions in the TZ had Gleason scores of 6 \[3+3\] and 7 \[3+4, 4+3\], respectively. A total of 10, 2, and 2 tumor lesions in the PZ had Gleason scores of 7 \[3+4, 4+3\], 8 \[4+4\], and 9 \[4+5\], respectively. In the TZ, the skewness of the DPS is the only parameter which was significantly correlated with the Gleason score (*ρ* = 0.533). In the PZ, none of the parameters showed significant correlation with the Gleason score.

10.1371/journal.pone.0212092.t004

###### The Spearman correlation coefficient for correlation of histogram parameter with Gleason score.

![](pone.0212092.t004){#pone.0212092.t004g}

             TZ                                                    PZ                 
  ---------- -------- -------------------------------------------- --------- -------- -------
  **MWS**                                                          **MWS**            
  CV         -0.144   0.297                                        Mean      0.166    0.286
  P10        0.123    0.325                                        SD        0.144    0.312
  **DPS**                                                          CV        -0.072   0.403
  Mean       -0.041   0.44                                         IQR       0.044    0.44
  Skewness   0.533    0.017[\*](#t004fn002){ref-type="table-fn"}   P10       0.232    0.212
  P10        -0.041   0.44                                         P25       0.088    0.382
  P25        -0.164   0.272                                        P50       0.088    0.382
  P50        -0.103   0.352                                        P75       0.077    0.396
  P75        -0.041   0.44                                         P90       0.188    0.26
  P90        0        0.5                                          mFWHM     -0.022   0.47
                                                                   P90P10    0.11     0.485
                                                                   Range     0.077    0.396

TZ, transitional zone; PZ, peripheral zone; MWS, maximum wash-in slope; DPS, delay phase slope. *P* \< 0.05 was considered significant.

\**P* \< 0.05

ROC curve analysis of histogram parameters {#sec018}
------------------------------------------

The ROC curve analysis was performed for the most significant histogram parameters. [Table 5](#pone.0212092.t005){ref-type="table"} lists the threshold values, area under the curve (AUC), sensitivity, specificity, and, accuracy of the histogram parameters. An ROI of 10 mm exhibited more significant differences compared with an ROI of 7.5 mm; therefore, the ROC curve analysis was performed for an ROI of 10 mm from cancerous and benign tissues ([Table 5](#pone.0212092.t005){ref-type="table"}, [Fig 3](#pone.0212092.g003){ref-type="fig"}). In the TZ, CV, mean, P10, P25, P50, P75, P90, and skewness both in the MWS and DPS were selected for the ROC curve analysis. AUC values were between 0.688 and 0.822, with CV of the MWS and P50 of the DPS being the highest (0.82 and 0.822, respectively). The sensitivity of these parameters was generally low (approximately 62%), whereas the specificity was high (approximately more than 80%). Compared with the MWS, most parameters of the DPS had higher AUC values, except for the CV ([Fig 3a](#pone.0212092.g003){ref-type="fig"}).

10.1371/journal.pone.0212092.t005

###### The threshold values, AUC, sensitivity, specificity and accuracy of the histogram parameters (10 mm of ROI).

![](pone.0212092.t005){#pone.0212092.t005g}

  Transitional Zone   Peripheral Zone                                                                         
  ------------------- ----------------- ------- ------ ------ ------- --------- ------- ------- ------ ------ ------
  **MWS**                                                             **MWS**                                 
  CV                  0.355             0.82    93.8   62.5   78.13   Mean      4.98    0.893   92.9   78.6   85.7
  P10                 5.685             0.688   56.3   81.3   68.75   CV        0.375   0.827   71.4   85.7   78.5
  **DPS**                                                             P10       2.835   0.893   92.9   78.6   85.7
  Mean                0.185             0.799   62.5   87.5   75      P25       3.24    0.898   92.9   71.4   82.1
  Skewness            0.265             0.73    62.5   81.3   76.7    P50       4.78    0.883   92.9   78.6   85.7
  P10                 0.025             0.742   81.3   68.8   75      P75       6.235   0.87    85.7   78.6   78.6
  P25                 0.055             0.801   62.5   87.5   75      P90       10.56   0.865   71.4   92.9   82.1
  P50                 0.13              0.822   62.5   93.8   78.13   **DPS**                                 
  P75                 0.245             0.803   56.3   93.8   75      SD        0.105   0.676   100    35.7   67.9
  P90                 0.535             0.768   75     68.8   71.9    Range     0.57    0.681   92.9   35.7   64.3

MWS, maximum wash-in slope; DPS, delay phase slope; AUC, area under the curve.

![Comparison of the ROC curves of histogram parameters in the differentiation of tumors with maximum difference wash-in and delay phase slopes.\
The parameters of the MWS (red lines) and those of the DPS (blue lines) in (a) the transitional zone and (b) the peripheral zone. Note the AUC of the parameters of the DPS (blue lines) are generally larger than those of the MWS (red lines) in (a), while contrary in (b).](pone.0212092.g003){#pone.0212092.g003}

In the PZ, the ROC curve analysis was performed for mean, CV, P10, P25, P50, P75, P90, SD, and range both in the MWS and DPS, with the AUC value being between 0.676 and 0.893. The AUC values of the parameters in the MWS were generally high (between 0.827 and 0.898; [Fig 3b](#pone.0212092.g003){ref-type="fig"}). Some of the parameters in the DPS showed satisfactory performance with the AUC value between 0.638 and 0.681.

Discussion {#sec019}
==========

The traditional semiquantitative analysis of DCE-MRI for prostate cancer involves the use of average time-intensity curves \[[@pone.0212092.ref014],[@pone.0212092.ref015]\]. For each selected ROI, time-signal intensity curves normalized to baseline were generated, and a signal intensity and mean gradient method were established for calculating signal changes between the inflow time and time required for the maximum enhancement of the contrast agent. However, this approach has several limitations. First, the averaging process may obscure the information regarding vascular heterogeneity. Second, confounding factors and noise on time can interfere in the measurement of the wash-in slope. Third, the time required for the maximum enhancement cannot be observed when the signal consistently increases or remains steady \[[@pone.0212092.ref021]\]. Moreover, noise spikes in the plateau region of a time course may be misidentified as the maximum enhancement, resulting in miscalculations in the wash-in slope.

To overcome the aforementioned limitations, we proposed a simple and robust method of extracting two semiquantitative parameters for describing the contrast agent behavior. We defined the maximum signal difference between two sequential time points as the MWS and restricted the timing of the slope to 30 s after the inflow time for preventing the interference of noise spikes \[[@pone.0212092.ref022]\]. After the terminal point of the MWS, we observed a gradual increase in signals until the maximum enhancement of the contrast agent or the end of the time course. To describe this part of the time course, we defined the DPS as the slope between the terminal time point of the MWS and the end of the time course. Theoretically, the DPS consists of the delayed wash-in and washout time points of the contrast agent. The MWS and DPS revealed distinct physiological information. In the early stage following the entry of the contrast agent, increases in signals depend mainly on the permeability and surface area of vessel walls. The maximum difference between consecutive signals (i.e., MWS) occurs when the concentration gradient reaches the maximum across the vessel wall. After the terminal point of the MWS, the concentration gradient decreases because of the increase in the concentration of the extravascular extracellular space (EES). The increase in the EES concentration should be inversely proportional to the EES. The DPS may reflect the characteristics of the EES in the prostate interstitium.

In this study, a histogram analysis of the MWS and DPS was performed to quantify the heterogeneity of tumors \[[@pone.0212092.ref023]\]. The study findings revealed that the histogram parameters capable of distinguishing between benign and cancerous tissues were different in the PZ and TZ. In the PZ, most parameters of the MWS showed significant differences between cancerous and normal tissues. The results are consistent with those of previous studies that demonstrated that prostate cancer is often found to enhance rapidly to a greater extent than benign PZ tissues, as well as to show a more rapid clearance \[[@pone.0212092.ref022],[@pone.0212092.ref024]\]. This indicates that tumors in the PZ can be more easily diagnosed by visual identification.

In the TZ, most parameters of the MWS revealed no significant differences between benign and cancerous tissues. The statistical nonsignificance of other MWS parameters between cancerous and benign tissues may be due to a similar wash-in pattern \[[@pone.0212092.ref024]\]. The benign proliferative process causes an increase in the microvascular density similar to that observed in cancer \[[@pone.0212092.ref014]\]. CV was the only significant MWS parameter in both sizes of the ROI. The CV in the CTZ was smaller than that in the NTZ, indicating that the variation in the MWS was lower in cancerous tissues than in benign tissues. By contrast, many histogram parameters of the DPS differed significantly between cancerous and benign tissues in the TZ. Previous studies have reported that the washout slope of DCE-MRI can differentiate between benign and malignant prostate tumors \[[@pone.0212092.ref025],[@pone.0212092.ref026]\]. However, prostate cancer was not separately analyzed in the PZ and TZ. In our study, the histogram analysis was conducted to evaluate PZ and TZ tumors separately. With this strategy, the AUC of significant parameters in the PZ and TZ could reach 0.865--0.898 and 0.688--0.822, respectively ([Table 5](#pone.0212092.t005){ref-type="table"}).

We demonstrated the effect of the diameters of ROIs on the histogram parameters. The mean, P25, P50, P75, and P90 of the DPS exhibited a significant difference in the TZ, regardless of the diameter of the ROI. The SD of the DPS showed a significant difference only in an ROI of 7.5 mm, whereas skewness and P10 showed significant differences only in an ROI of 10 mm. Although the sample size is yet too small for making a conclusion, the results implied that the SD, skewness, and P10 may be susceptible to changes in ROI diameters in the TZ. The increased heterogeneity in an ROI with a larger diameter may affect these parameters. Our results confirm that the diameters of ROIs must be considered when performing a histogram analysis. Therefore, instead of selecting a segment of the whole tumor, a reasonable strategy is to sample the most significantly enhanced area within the tumor as the ROI. An ROI with a diameter of 10 mm is the most appropriate size because most parameters may distinguish between benign and cancerous tissues for an ROI of 10 mm.

The results of this study showed a weak correlation of the Gleason score with the histogram parameters. The skewness of the DPS is the only significant parameter that correlated with the Gleason score in the TZ. In the PZ, none of the parameters showed significant correlation with the Gleason score. A small patient size and selection bias may, in part, explain the weak correlation of the Gleason score with the histogram parameters \[[@pone.0212092.ref014]\]. The numbers of tumors with Gleason scores of 6 in the PZ and 9 in the TZ were not included. Variations in signal enhancement and spatial and temporal resolutions may affect time course characteristics. A previous study reported that a better temporal resolution may be a factor affecting the correlation between DCE-MRI parameters and the Gleason score \[[@pone.0212092.ref027]\]. The temporal resolution in our study was approximately 9.96--11.62 s, which may have also affected the correlation between the histogram parameters and Gleason score.

Our study has some limitations. First, the small sample size could have been influenced by selection and verification biaes. Second, we did not distinguish between various NTZ types in patients. The enhancement pattern may differ between stromal and glandular hyperplasia. Additional studies analyzing the time course pattern and biopsy confirmation of prostate cancer are warranted. Third, this study is the first step in the identification of effective quantitative image parameters, and it demonstrates the benefit of DCE-MR image analysis. Future studies are warranted to investigate more combined methods to increase the detection accuracy of prostate cancer \[[@pone.0212092.ref005]--[@pone.0212092.ref008]\].

In conclusion, we proposed a histogram analysis method for analyzing the time course of prostate DCE-MRI and demonstrated its potential capability in the diagnosis of prostate cancer. Different histogram parameters of the MWS and DPS for efficiently distinguishing between cancerous and benign prostatic tissues should be applied in the TZ and PZ. Based on preliminary results, generating the parametric imaging of the EWS and DPS of prostate DCE-MRI may be the reasonable next step.
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